Introduction
One of several defining characteristics of eusociality is a reproductive division of labour, epitomized in termites by a post-embryonic developmental polymorphism distinguishing apterous (nonsexual) from imaginal (sexual) lines (Thorne, 1997) . This developmental polymorphism is an apomorphic feature of the exclusively eusocial Isoptera, and this feature is itself polymorphic. Namely, the pivotal molt whereby future worker individuals shift from imaginal to apterous development tends to occur either at an early instar and be irreversible, or occur at a late instar and be potentially reversible, depending on the taxon. Species with a developmental programme of the former type are said to have a 'true' worker caste (Noirot & Pasteels, 1987) , whereas species with a developmental programme of the latter type are said to have a 'false' worker caste, which are also known as pseudergates ('false' worker ¼ pseudergates, below).
Although neither form of worker is necessarily sterile, the presence or absence of a 'true' worker caste does represent an important interspecific polymorphism in termite division of labour, and it is the phylogenetic history of this polymorphism for which two alternative hypotheses have thus far been proposed. For simplicity, we here designate these alternatives the 'ancestral and monophyletic' vs. the 'derived and polyphyletic' hypotheses, based on arguments originally presented in Watson & Sewell (1981 , 1985 and Noirot & Pasteels (1987 , 1988 respectively. The ancestral and monophyletic hypothesis suggests that the developmental pathway characterizing 'true' worker development was present in the ancestor to all living termites, and that 'false' worker development is secondarily derived (Thompson et al., 2000) . The derived and polyphyletic hypothesis, by contrast, suggests that it is 'true' worker development that is derived, evolving directly from ancestors with a 'false' worker programme, and on multiple, independent occasions (Noirot & Pasteels, 1987) .
Although 'true' and 'false' workers have in general a mutually exclusive relationship among extant taxonomic families, the evolutionary relationship between the two worker forms is not clear. Although explicitly Isoptera; social evolution; termite phylogeny; worker caste.
Abstract
Resolving the phylogenetic history of a 'true' worker caste in termites is essential to our understanding of termite eusocial evolution. Whether this caste is ancient and monophyletic or derived and polyphyletic will have a tremendous impact on our interpretation of termite eusocial history and remains an outstanding question in termite biology. Recent work has begun to re-examine this question in light of new phylogenetic information, but new questions have now arisen about how best to model character state changes in termite caste systems. In the present paper, we compare the models of Grandcolas and D'Haese [J. Evol. Biol. 15 (2002) 885] and Thompson et al. [J. Evol. Biol. 13 (2000) 869] and attempt to make explicit how these proposals differ with respect to the number of, and homology between, character states. We highlight the support each model has for the two principal, but competing, evolutionary hypotheses outlined above. phylogenetic, no phylogenetic tests have been performed to help substantiate or refute either evolutionary hypothesis. This is in part due to uncertainties in termite family-level phylogenies, as well as there being as yet little precedence in proposing evolutionary models of character state change between worker forms. Thus, as a first test of existing alternative hypotheses, Thompson et al. (2000) used their, plus other, phylogenies to reconstruct under parsimony criteria the historical presence vs. absence of a 'true' worker caste, based on the nominal distribution of this caste among extant families. From this procedure, they suggested that it is the 'true' worker present developmental state that may have characterized the most recent common ancestor to all living termites, corroborating the ancestral and monophyletic hypothesis.
How many different phylogenetic patterns for a 'true' worker caste?
Based chiefly on a re-examination of Thompson et al.'s (2000) study, Grandcolas & D'Haese (2002) have raised several considerations related to choice and application of an appropriate model of character state evolution. First and foremost among the considerations raised by them is that the model of character state evolution employed by Thompson et al. (2000) fails to return an unambiguous reconstruction for termite worker castes, rendering their phylogenetic evidence undecisive. However, this assertion is conditional upon assumptions of eusocial homology between termites and their phylogenetic outgroup.
The approach adopted by Thompson et al. (2000) was to regard 'true' and 'false' workers as mutually exclusive states of a single developmental character. Thus, 'true' worker presence indicates a developmental programme with an early and irreversible differentiation from the imaginal line, and 'true' worker absence indicates the alternative, i.e. a developmental programme with relatively late and potentially reversible differentiation (Table 1 , model A). Optimization of the alternate states over the termite tree derived by Thompson et al. (2000) yields a single most parsimonious reconstruction where the ingroup node is reconstructed to have 'true' workers ( Fig. 1) , lending conditional but unambiguous support to an ancestral and monophyletic scenario. It is this core scenario that is subsequently advanced in Thompson et al. (2000) , a hypothetical possibility contrary to Grandcolas & D'Haese's (2002) understanding, is not undecisive and does not constitute a paradox of comparative biology.
Given this inference regarding the character state of the most recent common ancestor to all living termites, a de facto gain of 'true' workers is presumed to have occurred at some point prior to this ancestor. Whether this original gain involved 'true' workers originating from a pseudergate-like stage in the distant past is unverifiable, but a hypothetical possibility presented nonetheless by Thompson et al. (2000) via analogy to a subsocial cockroach.
An alternative approach, demonstrated by Grandcolas & D'Haese (2002) , would be to assume a priori that a worker caste already existed prior to the most recent common ancestor of living termites and, accordingly, assign to the outgroup of termites a state for this character prior to the optimization procedure. However, this has the effect of assuming eusocial homology Table 1 Schematic representation of verbal models of character evolution employed by Thompson et al. (2000; models A, D) and Grandcolas & D'Haese (2002; models B, C, E) for inferring the evolutionary history of termite worker castes and ecological life types. Bidirectional arrows indicate that the relative probability of change between character states is assumed to be equal.
between termites and extant cockroaches, the latter of which, in reality, do not have a developmental polymorphism homologous to that of eusocial termites. Inferences generated under this problematic assumption include scenarios suggesting that termite 'true' worker development was once present in cockroaches (cf.
Grandcolas & D'Haese, 2002).
'True' worker caste vs. pseudergates
Although much progress has been made towards the standardization and application of terms used to describe variation in termite social systems (Thorne, 1996) , the greater challenge of determining to what extent the various castes, developmental stages and reproductive forms are developmentally related to each other, or the extent to which these forms are homologous among different termite lineages, is only beginning to unfold (Roisin, 2000 (Grandcolas & D'Haese, 2003) -treats 'true' workers and pseudergates as nonhomologous characters, which violates the original assumption that one form of worker is derived from the other (Noirot & Pasteels, 1987; Abe, 1991; Higashi et al., 1991) . This violation notwithstanding, application of the real world model invariably depicts pseudergates, not 'true' workers, as having evolved twice independently, once in Termopsidae and once in Kalotermitidae. Given the phylogeny over which these authors performed their optimizations, this result suggests that it is pseudergates, not 'true' workers, that evolved late in termite phylogenetic history, consistent with the ancestral and monophyletic hypothesis.
Less straightforward, however, is the pattern of model B for 'true' workers, necessitating some interpretation. Here, 'true' workers are reported to have either evolved (i) once prior to the common ancestor of cockroaches and termites, (ii) three times independently or (iii) once among basal termite lineages (Grandcolas & D'Haese, 2002) . Although this pattern is on its own ambiguous, biological interpretation of this result suggests otherwise. For example, the first scenario requires a 'true' worker caste to have been present historically in cockroaches, a taxon not normally thought of as having a eusocial history. Similarly, the second scenario is inconsistent with that inferred by this same model for pseudergates in the sense that it requires many internal termite lineages to be void of either form of worker, a pattern not observed among extant families and one that implies termites had no worker-based reproductive division of labour for much of their evolutionary history. Thus, patterns (i) and (ii) invoke extraordinary consequences regarding the eusocial history of cockroaches (sic) and termites, respectively, and are therefore less plausible. The third pattern generated by Grandcolas and D'Haease's real world model is biologically plausible and is consistent with an ancestral and monophyletic hypothesis.
Secondly, model C -in treating 'true' workers and pseudergates as homologous states of a single characterinvariably depicts 'true' workers as having a single ancestral origin, with pseudergates derived (Grandcolas & D'Haese, 2002) . Given the phylogeny over which these authors performed their optimizations, this understated result is also consistent with an ancestral and monophyletic scenario (Fig. 2) .
Evolution of ecological life types and worker castes
Finally, because the presence or absence of a 'true' worker caste in termites has been suggested to be causally associated with alternate ecological life types (Higashi et al., 1991) , there is interest in testing the extent to which character state transformations involving worker types co-vary over a phylogeny with transformations in termite life type. The approach adopted by Thompson et al. (2000) for infering transformations in ecological life type was to regard the 'one-piece' and intermediate/separate life types (sensu Abe, 1987) Fig. 1 Single most parsimonious phylogenetic pattern for the evolution of a 'true' worker caste in termites as inferred for the termite tree derived by Thompson et al. (2000) . This pattern is consistent with the hypothesis that the most recent common ancestor to all living termites (arrow) was characterized by the presence (black lines) of this caste. Thompson et al. (2000) . Moreover, these changes correlate precisely with those inferred by these authors for workers under their model C (Fig. 2) which, despite claims to the contrary, suggests a simple correlation between worker type and ecological life type.
Concluding remarks
The phylogeny-based arguments considered herein constitute some preliminary and conditional tests of termite eusocial history. As such, these arguments are not decisive. Nonetheless, an ancestral and monophyletic origin for 'true' workers has phylogenetic support. Therefore, the widely accepted -but previously untested -notion that a 'true' worker caste in termites is derived and polyphyletic needs to be examined more carefully. 
